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The recent observation of steps at regular intervals of magnetic field in the hysteresis loops of
oriented crystals of the spin-10 molecular magnet Mn12O12~CH3COO!16~H2O!4 has been attributed
to resonant tunneling between spin states. Here, we investigate the effect on the relaxation rate of
applying the magnetic field at an angle with respect to the easy axis of magnetization. We find that
the position of the resonances is independent of the transverse component of the field, and is
determined solely by the longitudinal component. On the other hand, a transverse field significantly
increases the relaxation rate, both on and off resonance. We discuss classical and quantum-
mechanical interpretations of this effect. © 1997 American Institute of Physics.
@S0021-8979~97!53308-1#Mn12 acetate @Mn12O12~CH3COO!16~H2O!#, often re-
ferred to as Mn12, has been the subject of much recent
research.1–5 First synthesized by Lis6 in 1980, this molecular
compound consists of weakly interacting4,5 magnetic cores
of spin ground state S510. A large negative magnetocrystal-
line anisotropy1 results in a barrier against spin reversal of
;61–67 K ~Refs. 2–5! and hysteretic behavior at low
temperatures.2,5 Very recently, some of the present authors7
have obtained striking evidence for thermally assisted reso-
nant tunneling in this material, a result now confirmed by
others.8,9 The magnetic relaxation rate is found to increase
markedly at regular intervals of magnetic field when the field
is applied parallel to the easy axis of magnetization. This
effect is attributed to resonant tunneling between energy lev-
els in opposite wells of a double-well potential. In a simple
model,7 illustrated in Fig. 1, pairs of levels become degener-
ate at regular intervals of field, and tunneling occurs between
states near the top of the barrier.
In this paper, we present the results of a study of the
effect on the magnetic relaxation of a symmetry-breaking
transverse magnetic field. We find that for any value of the
transverse field, the resonances always occur at the same
values of longitudinal field. The application of a transverse
field increases the relaxation rate both on and off resonance.
The dependence on transverse field approximately follows
the behavior one expects from the classical reduction of the
energy barrier. There are subtle deviations from the classical
form that may reflect the discrete energy level spectrum of
this system.
Samples were prepared according to the published
procedure.6 The data shown in Fig. 2 were obtained for a
sample of oriented powder in an epoxy matrix.7 The data
shown in Figs. 3 and 4 were taken on a single crystal of
Mn12 . Measurements of the dc magnetization were per-
formed using a Quantum Design MPMS-5 magnetometer
equipped with a 55-kOe superconducting magnet. The
samples were mounted on a Quantum Design horizontal
sample rotator, which allowed rotation of the easy axis of the3978 J. Appl. Phys. 81 (8), 15 April 1997 0021-8979/97/
Downloaded¬08¬Jun¬2010¬to¬161.116.168.169.¬Redistribution¬subsample with respect to the field in increments as small as
0.1°. Some systematic nonlinearity in the rotator can produce
errors on the order of 1° in the absolute angle. The desired
values of the longitudinal and transverse field components
were attained by adjusting the angle and the magnitude of
the field. The component of the magnetization along the easy
axis of the sample was inferred from the values of the com-
ponents measured parallel and perpendicular to the field di-
rection.
Figure 2~a! shows the magnetization parallel to the easy
axis as a function of increasing longitudinal field for various
fixed values of transverse field at 2.0 K. The most striking
feature is that the position of the steps is determined entirely
by the longitudinal field component, and is clearly indepen-
dent of the values of the transverse field. This is also clearly
demonstrated by the derivative of the magnetization, shown
in Fig. 2~b!, where the peaks always occur at the same
longitudinal-field values. On the other hand, the transverse
field governs how the saturation magnetization is reached:
the larger the transverse field, the smaller the longitudinal
FIG. 1. Schematic diagram of the thermally assisted resonant tunneling
process. Tunneling occurs when the field brings levels in opposite wells into
resonance. The tunneling rate is fastest from levels near the top of the
barrier.81(8)/3978/3/$10.00 © 1997 American Institute of Physics
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field needed to reach saturation, i.e., the less hysteretic the
behavior. Steps in the magnetization are observed in nearly
all the curves. Note that some steps ~at H i;9 kOe, for ex-
ample! that are not apparent at small values of the transverse
field become more pronounced as the transverse field is in-
creased. This is consistent with the fact that the transverse
field reduces the energy barrier, increasing the relaxation rate
for all steps.
FIG. 2. ~a! Magnetic moment as a function of external longitudinal field at
2.0 K for several values of transverse field. Note that this is one quarter of
the hysteresis loops. The steps always occur at the same values of longitu-
dinal field. ~b! The derivative of the curves in ~a!.
FIG. 3. The relaxation rate on a log scale as a function of the longitudinal
field at 2.7 K for six values of transverse field, as indicated. The curves are
fits to Lorentzian functions.J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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resonance near H i54.1 kOe as a function of both longitudi-
nal and transverse field components. The sample was cooled
in zero field to 2.7 K, and a field was then applied at an angle
to the sample’s easy axis of magnetization. The relaxation
rate was deduced by fitting the long-time tail of the relax-
ation curves to an exponential function. For consistency, the
fit was applied to a subset of the data in which the moment is
within 531025 emu ~;0.1% of saturation! of its equilibrium
value. The resulting relaxation rates were fitted to Lorentzian
functions, shown by the curves in the figure.
The data reveal that the relaxation rate increases both on
and off resonance as the transverse field is increased, consis-
tent with a reduction in the barrier height. Also, the relax-
ation rate increases less sharply in a transverse field of 3 kOe
than for other values. There is a slight shift in the position of
the peak as the transverse field is varied. This may be an
experimental artifact and could be caused by an error in the
angle of less than 1°. The width of the resonance also ap-
pears to roughly double from an initial value of ;200 Oe;
this may also arise from slight errors in the angle.
One can extract relaxation times from the Lorentzian fits
both on resonance ~peak of the curve! and off resonance
~background!. The relaxation rates are plotted as a function
of transverse field on a semilogarithmic scale in Fig. 4. Both
on and off resonance, the relaxation rate appears to exhibit a
plateau as the transverse field is increased. ~The apparent
nonmonotonic behavior in the off-resonance curve may not
be significant, as it is based on a single point.! The on-
resonance and off-resonance curves have approximately the
same average slope. One is simply shifted vertically relative
to the other. The increase in relaxation rate expected from
simple classical lowering of the energy barrier is denoted by
the line labeled ‘‘classical’’ in Fig. 4. The slope of this line
requires no adjustable parameters ~the vertical intercept is,
however, ‘‘pinned’’ to coincide with the zero-transverse-
field, off-resonant rate! and was obtained as follows. Classi-
cally, the relaxation rate is expected to increase with trans-
verse field as
ln@G~H !#}2U0~12H/Hc!2/kBT
FIG. 4. The relaxation rate on resonance and off resonance ~extracted from
the fits in Fig. 3! as a function of transverse field. The dashed line is the
expected classical result discussed.3979Friedman et al.
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'2U0~122H/Hc!/kBT for H!HC .
Here, U0 is the magnitude of the classical energy barrier in
zero field and Hc52U0/gmBS is the field at which the bar-
rier disappears. Substituting this expression for Hc, one finds
that the relative change in the relaxation rate is
ln @G(H)/G~0!#'(gmBS/kBT)H . The dashed line in the fig-
ure was obtained from this expression using g52, S510 and
T52.7 K. The small, systematic oscillations of the relaxation
rate about the classical result may arise from the discrete
level structure of this spin-10 system, as discussed below.
The following Hamiltonian has been used to account for
our earlier results:
H52DSz
22gmBSB, ~1!
where D represents the magnetocrystalline anisotropy that
breaks the zero-field Zeeman degeneracy. Within this model,
illustrated in Fig. 1, the longitudinal and transverse field
components play very different roles. When the field is
purely longitudinal, the Hamiltonian is diagonal in Sz ; the
longitudinal field simply tilts the potential, making one well
lower in energy than the other. A transverse field, on the
other hand, breaks the symmetry of the Hamiltonian, split-
ting the degenerate pairs of states without tilting the poten-
tial. Friedman and Chudnovsky10 have calculated the effect
of a transverse magnetic field on the values of longitudinal
field, B i , for which the level crossings occur. Their results
indicate that up to fourth order in perturbation theory the
change in the resonance condition for B i is exactly zero for
any value of B' . This is borne out by the data shown in Fig.
2: As the transverse magnetic field changes, the values of the
longitudinal field at which the resonances occur remain
fixed.
The tunnel splitting of a large uniaxial spin in the pres-
ence of a transverse magnetic field has been calculated by
Garanin11 in zero longitudinal field. The tunnel splitting, Em ,
of two degenerate states with spin projections 6m is given
by
DEm5
2D
@~2m21 !!#2
~S1m !!
~S2m !! S h2D D
2m
, ~2!
with h5gmBB trans . Using an estimated 0.01 T for the trans-
verse field and the value of D determined from our experi-
ments, Eq. ~2! yields the tunneling rates listed in Table I. The
tunneling rates are very broadly distributed, with the rates of
adjacent level crossings differing by several orders of mag-
nitude. These results imply that tunneling from the ground
states and first few excited states is negligible, while the
tunneling between states near the top of the wells is so rapid
that they are equivalent to a short. We suggest that tunneling
is strongly dominated by one or two levels near the top of the
well, and the time rate of decay is determined by the time
required to repopulate these levels. Hence, on resonance the
effective energy barrier is reduced: The system no longer
needs to be thermally activated to the top of the barrier, but
only to a fast-tunneling level at a somewhat lower energy.
The decay rate may not be sensitive to the precise value of
transverse field, being instead determined by the time re-
quired for thermal activation to the level that dominates the3980 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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abrupt changes in the relaxation rate at particular values of
the transverse field, when the dominant tunneling process
crosses over from one level to another. Numerical diagonal-
ization of the Hamiltonian confirms the expectation that the
energy barrier for a spin-10 system should exhibit sharp
steps.12
The data of Fig. 4 show that the relaxation rate deviates
subtly, but systematically, from the classical prediction. This
behavior may indeed be evidence of the discrete level struc-
ture. However, it should be noted that a theoretical calcula-
tion predicts much clearer and sharper steps and plateaus
than the subtle, ‘‘smeared out’’ behavior of Fig. 4. Measure-
ments at a different temperature ~2.6 K! nevertheless confirm
the existence of the plateau. Further work is needed to deter-
mine the possible existence of such plateaus at other values
of transverse field.
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TABLE I. Tunneling rates for different m values calculated from Eq. ~2!,
taken from Ref. 11, with S510, and values B trans50.01 T and D50.41
cm21.
m Tunneling rate ~Hz!
1 3.23108
2 1.13105
3 3.53100
4 2.331025
5 4.7310211
6 3.7310217
7 1.2310223
8 1.7310230
9 1.1310237
10 2.11310245Friedman et al.
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